Purpose of review New research supports the intuitive observation that many persons classified as obese are healthy, and should not be treated and categorized medically as diseased. There is increasing agreement that major blood biomarkers are often not discriminatory, as for example, the return to normal blood glucose levels in bariatric patients who do not have long-term benefits. Although weight loss is appreciated to improve metabolic and inflammatory parameters, the cellular and immune factors that couple obesity to cardiometabolic risk are only partially understood.
INTRODUCTION
Diet-induced obesity and its metabolic complications pose a serious and worsening problem for public health worldwide [1] . If incidence trends continue unabated, the prevalence of cardiovascular disease (CVD) and type 2 diabetes (T2D) arising as comorbidities of obesity is predicted to increase dramatically. These developments will define a medical disaster of historic proportions that will affect all regions of the world, ethnic groups and socioeconomic classes. However, as will be described below, these risks are distributed unevenly. There is, therefore, great urgency to identify populations at greatest risk for the complications of obesity in order to focus scientific effort and tailor therapeutic interventions.
In humans and mouse models of human metabolism, weight gain induced by the consumption of a hypercaloric diet without compensatory increases in physical activity leads to deteriorated metabolic health. This decline usually features increased insulin resistance, glucose intolerance, dyslipidemia, hypercholesterolemia, and other metabolic and serological abnormalities that are strongly coupled with increased risk for CVD and T2D. A critical feature of these developments that has been receiving much attention recently is the pro-inflammatory alteration of immune cell subsets in peripheral blood as well as within insulin-resistant adipose tissue. Specifically, analysis of the blood of many insulin-resistant, obese patients (BMI ! 30 kg/m 2 ) reveals significant elevations of pro-inflammatory cytokines [e.g. tumor necrosis factor (TNF)-a, interleukin (IL) -6] , declines in cardioprotective adipokines (e.g. adiponectin) and other cytokines in addition to elevated fasting glucose and insulin. These patients also exhibit local infiltration of adipose tissue with proinflammatory macrophages, proinflammatory T cells and a corresponding decline in these same tissues in numbers of alternatively activated macrophages and anti-inflammatory regulatory T cells [2] . Chronic, unresolved inflammation of this type that accompanies dietinduced obesity is thought to be a critical factor in progression to T2D [3 & ]. In addition, the incidence of obesity-associated cancers is increasing [4] [5] [6] and is expected to track with the obesity epidemic, but with lagging kinetics commonly seen in exposure-associated cancers. There is evidence to support the hypothesis that the chronic inflammatory states in insulin-resistant obesity provide over years an important contribution to primary carcinogenesis or angiogenesis, and metastasis of already extant, cryptic tumors [7,8 & ] . Along with tobacco-associated risks, obesity is now considered a highly dangerous risk factor for specific cancers [9] . The most serious of these tumors are colon and renal cancers in men and women, breast cancer in postmenopausal women and endometrial cancer. Alarmingly, obesity-related cancer is now thought to contribute to 14% of male and 20% of female cancer mortality in the USA [4] . The specific, cancer-related roles for increased Th17 cells, reduced T-regulatory cells, proinflammatory macrophages and other adipose tissue-infiltrating subtypes of immune cells [2] , and their cancerrelated cross-talk with metabolism in obesity, is very poorly understood.
Weight loss through increased energy expenditure, such as through increased aerobic exercise, or through reduced caloric intake, has been demonstrated to produce desired improvements in metabolic and inflammatory parameters. Many therapeutic strategies for obesity such as dietinduced weight loss and Roux-en-y gastric bypass surgery (RYGB) have targeted the reduction of abdominal fat, also termed 'visceral' or 'central' adipose tissue, although total body fat loss also occurs. Diet-induced weight loss can, in the short term, improve the metabolic complications of central obesity; however, most obese persons using this strategy regain their lost weight over time [10] . Indeed, a significant fraction of bariatric patients [20.4% for morbidly obese patients (BMI ! 40 kg/m 2 ) and 34.9% for super obese patients in one study] [11] regain significant weight in the 2-3 years after surgery, unrelated to surgical failure. The cellular, molecular and epigenetic mechanisms that underlie these problems are currently unknown. For many morbidly obese patients, RYGB remains a popular choice: bariatric surgeries in the USA increased from 13 000 in 1990 to 100 000 in 2003 [12] and 200 000 in 2006. The popularity of RYGB is chiefly due to the higher magnitude of weight loss achieved (i.e. !30%) compared to diet-induced weight loss (5-10%). Furthermore, weight loss for most bariatric patients is sustained beyond 6-12 months, generally achieved by dietary weight loss. After RYGB, most patients show a dramatic improvement and even resolution of comorbidities such as T2D, sleep apnea and dyslipidemia, often prompting withdrawal of medications shortly after surgery [13] . Bariatric surgery results in better glucose control than medical therapies; however, the BMI prior to surgery and the extent of weight loss after surgery do not necessarily predict the improvement in hyperglycemia [14 & ]. In fact, comorbidities do not resolve in all patients, and factors that can predict the difference in outcomes between these patients and the former are sought to aid clinicians in making prognoses and treatment plans.
BMI alone appears to be only weakly associated with certain obesity-related diseases. In view of the considerable individual-level variation in BMI and metabolic responses to bariatric surgery, some investigators have begun to wonder whether genetic or epigenetic predisposition to weight regain [15] is a widespread and common phenotype. A groundbreaking study recently demonstrated that adverse
KEY POINTS
The AMA has only just classified obesity as a disease (on 18th June 2013), a determination that overturned the recommendation of the AMA's own committee charged with study of this question; the issue has been controversial in part because of a widespread misconception that obesity is a lifestyle choice, but also because the link between elevated BMI and lifethreatening diseases is not perfect.
We are in agreement with other investigators that certain obese individuals appear to be protected from some of the expected cardiometabolic complications of obesity, whereas other individuals who are lean show surprisingly elevated risks for these same complications.
We propose that deeper investigation of these 'offdiagonal' populations will reveal important mechanisms that couple adipose tissue distribution and function to whole-body immunometabolism and health risks.
We hypothesize that these mechanisms likely involve small depots of ectopic fat, in particular, pericardial fat, that are metabolically active, likely inflamed and critically contribute to elevated risks of cardiometabolic diseases and obesity-associated cancers, without contributing significantly to BMI.
responses in cardiometabolic parameters occur after a program of regular exercise in about 10% of the general population, but the mechanism is unknown [16 && ]. The observation that simple, regular, cardiovascular exercise, heretofore generally considered to be harmless and of significant cardiometabolic benefit, should actually be harmful to certain individuals not thought to be at risk, raises clear and novel concern that bariatric surgery may also be harmful to certain obese patients, and moots an urgent question: can we identify such surgical candidates in advance, in order to direct them to alternative weight loss interventions?
SUBPOPULATIONS OF OBESE AND UNHEALTHY PERSONS
Obesity was defined as a disease by the American Medical Association (AMA) in June 2013, in welcome recognition of the strong epidemiological association between BMI and numerous serious conditions, yet the correlation is not perfect; mechanisms that link elevated BMI to specific disease risks are still not fully understood.
Metabolically healthy obese and metabolically unhealthy lean persons
Obese persons manifest a spectrum of complications as described above, including elevated risks for T2D, CVD, certain cancers, stroke and musculoskeletal diseases. However, it has been appreciated for many years that about a quarter of the adult obese population exhibits notably fewer of these complications and do not meet all the criteria for metabolic syndrome [17] . Certain of these individuals at the 'healthy end' of the spectrum of obesity complications lack systemic and local features of chronic, unresolved inflammation that are normally found in humans as well as animal models of diet-induced obesity [18] [19] [20] ; this lower inflammatory profile associates with significantly reduced cardiometabolic risk [21, 22] . These so-called 'metabolically healthy' obese individuals [23] are interesting because they appear to bend the rules of metabolism [24] , and demonstrate insulin-sensitive obesity, including a robust ability to clear infused glucose in a hyperinsulinemic-euglycemic clamp measurement. Critical opinion has held that these individuals do not enjoy a stable state of ongoing metabolic protection, but are merely passing through a period of uncertain duration subclinical to the definition of metabolic syndrome, in which some of the cardiometabolic risk factors are present. Thus, according to this view, all 'metabolically healthy' obese individuals are merely delayed on a well trodden path to inevitable, overt metabolic syndrome. On the contrary, this view fails to account for some individuals who have extremely high BMI but persistently normal glucose infusion rates [24] .
Certain other individuals also fail to show the expected associations between BMI and metabolism, such as the 'metabolically unhealthy lean' (MUL), also termed 'metabolically obese normalweight' individuals [25, 26] . These individuals are lean with respect to BMI, but show many of the serological features of insulin-resistant obesity, including hyperinsulinemia, hypertriglyceridemia, hypoadiponectinemia and elevated risk for CVD and T2D. Clinical investigation of these individuals suggests that for some individuals, ectopic adipose tissue [27] , particularly in visceral [28] or pericardial depots of adipose tissue, may be a major factor that compromises metabolic health. These depots need not be large to promote cardiometabolic risk, and thus BMI may be a relatively insensitive measure to detect these depots. Thus, BMI is poorly associated with metabolic health.
Long-term stability of the metabolically healthy obese and metabolically unhealthy lean phenotypes An important question presents itself: are the metabolically healthy obese (MHO) and MUL metabolic and adipose depot profiles defined by genetics, by diet and exercise or by stage in lifespan? Critical questions of clinical significance are: are these phenotypes interconvertible, and can patients in an unhealthy category improve their health by appropriate lifestyle changes, bariatric surgery or drugs? Or are these phenotypes relatively refractory to clinical management, because patients will tend to revert to type once an intervention is made? Most seriously, are there unanticipated consequences of our therapies that leave patients less well off than their basal metabolic status when they presented for treatment?
Only two studies have addressed the question of long-term stability of MHO subtype, and both of these were in Asian populations. Bradshaw et al. [29 & ] investigated MHO patients in an AfricanAmerican cohort recruited in 1987-1989 from the Atherosclerosis Risk in Communities (ARIC) Study. Over 9 years of follow-up, the authors observed that body size was positively associated with emergent metabolic syndrome, whereas physical activity was negatively associated. There is evidence that the MHO subtype is transitory in some patients, a plateau on the way to metabolic syndrome, but with slower kinetics than unhealthier patients. Interestingly, these authors report a positive association between metabolic syndrome and age, and an inverse association with alcohol intake. Some of the reported differences could arise from the definition of metabolic syndrome. Many MHO patients have some of the features of metabolic syndrome, but are still classified as not having metabolic syndrome. Commentary from Lopez-Miranda and Perez-Martinez has called for the careful definition of MUL individuals. There is disagreement in the field about the nature and severity of elevated risks that may be experienced by MHO and MUL patients.
An older study by Miller et al. [30] , who investigated metabolic syndrome risks among retired football players in the United States National Football League (NFL), reported that the prevalence of metabolic syndrome was higher among linemen than among nonlinemen. The physical differences between the body mass and composition of these two types of NFL players can be appreciated by the need for weight and strength among line backers, but the need for agility and speed among quarterbacks. Upon retirement from the league and cessation of intense physical training, linemen were at almost double the risk of metabolic syndrome than their team-mates with lower BMIs. Similar patterns have been observed for Sumo wrestlers [31] . These individuals consume a calorie-dense diet, but engage in intense, daily physical training. Despite extremely high BMI measurements in some cases, these wrestlers maintain healthy metabolism, including normal blood glucose and lipid values, and relatively low visceral fat burden. Upon retirement, Sumo wrestlers are at risk for rapid onset of metabolic syndrome, CVD and T2D if the regimen of exercise is not maintained.
Finally, Karelis et al. [32] had reported that a 6-month calorie-restricted diet actually reduced insulin sensitivity in MHO women, mean age (57.7 AE 4.5) years, as measured by hyperinsulinemic-euglycemic clamp, whereas insensitivity improved in matched metabolically unhealthy individuals, although both groups lost weight. This result suggested that weight loss is not an appropriate standard of care for all subtypes of obese patients, although how the mechanisms differ between subtypes is unknown. Janiszewski and Ross [33] re-explored the consequences of weight loss among MHO men and women (mean age 61.4 AE 11.8 and 61.1 AE 12.0 years, respectively), using a variety of methods in a 3-month program to reduce BMI, including diet or exercise (either aerobic exercise or resistance training and aerobics). They found that both metabolically healthy and unhealthy individuals improved insulin sensitivity, in disagreement with Karelis et al. It is possible that uncontrolled variables explain the discrepancy, such as baseline inflammatory status, or genetic/epigenetic variation in genes important for metabolism. It remains unclear whether MHO status reflects metabolism, inflammation or both, nor is it yet clear whether these two factors can vary in isolation from one another.
VARIANCE IN RESPONSES AMONG ROUX-EN-Y GASTRIC BYPASS SURGERY PATIENTS
It is becoming increasingly clear that smaller, ectopic depots are directly related to T2D by locally or systemically mediated effects [34] , and reductions in these depots may improve organ function. Several fat depots bear investigation, particularly intrahepatic fat and pericardial fat. In the case of the former, the presence of T2D increases the morbidity associated with nonalcoholic steatohepatitis (NASH) regardless of BMI [35, 36] . Whereas an estimated 10-24% of the general population is affected, the prevalence among obese persons is greatly (4-6-fold) increased [37] [38] [39] . In the case of pericardial fat, this depot surrounds the heart and encompasses layers under (epicardial) and over (pericardial) the visceral layer of the epicardium; in the literature, the terms are often used interchangeably, although they are not identical adipose tissue [40] . Both pericardial fat regions are metabolically active and secrete several bioactive proteins, including adiponectin, resistin and various inflammatory molecules, and are a rich source of free fatty acids (FFAs) [41] [42] [43] [44] . Pericardial fat could therefore exert local effects by multiple mechanisms on the underlying anatomic structures, including the heart and coronary arteries.
RECENT FINDINGS: MRI MEASUREMENT OF ECTOPIC FAT DEPOTS
Recent studies of humans using a variety of approaches have suggested that, rather than overall obesity, regional fat distribution plays an important role in cardiac modification [45] [46] [47] [48] . Accumulating evidence indicates that the quantity of pericardial lipid volume is an important indicator that can stratify vascular and metabolic risk. In asymptomatic individuals without metabolic syndrome, higher pericardial lipid is found in patients with higher fasting glucose levels and may even predict the development of metabolic syndrome [49, 50] . Reduction in pericardial lipid volume correlates to improvement in insulin resistance [51] in obese individuals [52] .
Among various regional fat depots, pericardial fat is of particular interest and has been proposed as a superior indicator of cardiac function because of the anatomic vicinity. Iacobellis et al. [53] studied 30 obese patients and compared with 20 lean control volunteers using two-dimensional (2D) echocardiography. They found an increase in the epicardial fat thickness strongly correlated with the decrease of left-ventricular diastolic function. Ruberg et al. [49] reported negative correlations between pericardial fat and left-ventricular cardiac output/stroke volume in an obese group with metabolic syndrome. Both studies suggested local interactions between the regional adipose tissue and left-ventricular function, but without ruling out the influence from systemic effects caused by overall obesity. It became particularly interesting when Fox et al. [54] performed a large population study in 2009. They reported that pericardial fat correlated with left-ventricular end-diastolic volume and atrial dimension, but these correlations did not hold after the multivariable adjustment for overall adiposity, and suggested that systemic influences might override local effects. This study [54] did not examine the specific left-ventricular function as did the previous two [49, 53] . However, the same rationale might apply, which is the previously observed relations between the local fat and cardiac function [49, 53] that may actually be a carryover effect from overall obesity.
Do Roux-en-y gastric bypass surgery patients lose pericardial fat?
We hypothesized that loss of visceral fat in response to RYGB might not be a predictor of loss of pericardial fat, since BMI is not a predictor of the volume of this fat depot in individual patients [49] . To test this hypothesis, we conducted a small pilot study of five patients undergoing bariatric surgery. We obtained MRI of the fat surrounding the heart before and 10-12 months after surgery. These pericardial fat depots are clearly not amenable to quantification by invasive procedures, but can be seen and quantified by noninvasive imaging methods, especially MRI, computed tomography (CT) and 2D echo. Whereas cardiac CT and 2D echo can distinguish the epicardium, this is more difficult in magnetic resonance (MR) images. All patients lost 20-40% of total body mass 10-12 months after surgery. However, the quantity of pericardial fat lost was not predicted by the quantity of total fat loss. Unexpectedly, one individual even showed a gain of pericardial fat. With the small cohort studied, although these results cannot be considered conclusive support of our hypothesis, they are nevertheless consistent with other bariatric weight loss studies [55] and our studies of lifestyle intervention for weight loss, which show that pericardial fat volumes are poorly correlated with reductions in BMI. These observations suggest that quantitative MRI for each individual presents the opportunity for discovery of a biomarker that can distinguish responders and nonresponders. Conversely, other studies have shown that weight loss results in benefits greater than predicted by their attained BMI, but the mechanisms are not understood. Our approaches in this study could shed insight into why some patients are better responders to RYGB. Similar losses of pericardial fat can be achieved via weight loss induced by lifestyle intervention, suggesting that weight loss itself mediates these changes.
Our recent study of pericardial fat and cardiac function highlighted individual differences very dramatically [49] . We studied obese patients with metabolic syndrome but without known atherosclerotic disease, and healthy controls with MRI to quantify pericardial and periaortic lipid volumes, and cardiac function. Pericardial lipid negatively correlated to cardiac output and stroke volume, thus indicating an adverse effect of fat on these functions. Pericardial, intrahepatic and periaortic lipid volumes were increased in obese individuals versus controls, and were strongly and positively correlated. However, the fat volumes were independent of BMI among obese patients. In conclusion, ectopic storage of lipid in anatomically distinct depots appeared tightly correlated but independent of body size. These findings underscore the utility of MRI to assess individual differences in ectopic lipid that are not predictable from BMI. The dissociation of the quantity of pericardial fat and BMI reported [49] held true when we refined the analysis of total pericardial fat by quantifying fat surrounding the different regions of the heart. As in our previous study [49] , in this study group with more participants, the lack of association between local fat and overall obesity (BMI) was also observed with statistical significance using Pearson's correlation.
Measurement of pericardial fat in obese and T2D persons can provide a means to find healthy persons within a large population that is considered uniformly unhealthy. These persons can be treated differently, both psychologically (reducing the stigma of their 'disease') and with drug therapies. They are more likely to have better cardiac function and a lower long-term risk for CVD. We have proposed that quantification of pericardial fat, which can be achieved with noninvasive MRI and other imaging modalities, will provide an assessment that is more stable than blood biomarkers and blood pressure. The amount of fat will not fluctuate significantly over short time periods, and can provide a window to look for other markers of MHO status. . MR images obtained in a nonobese individual as illustrated by an axial slice at the level of the heart showed very little subcutaneous fat compared to our patients previously reported [49] , but revealed prominent pericardial and periaortic fat (Fig. 1) . In this normal BMI individual, extensive irregular atherosclerotic thickening of the descending thoracic aorta is also noted. This observation supports the overall hypothesis that metabolism and pericardial fat must be considered along with BMI before classifying a patient as healthy or unhealthy and in need of treatment.
CONCLUSION
The healthy human heart contains little fat, but fat can accumulate to cover both the heart muscle and the coronary arteries. The more localized depot around arteries is associated with the severity of coronary atherosclerotic lesions in both nonobese and obese people [58] , possibly because of direct secretion of fatty acids and inflammatory mediators such as IL-1b, IL-6, monocyte chemotactic protein-1 and TNF-a [59] . Excess fat can also be found in droplets within muscle cells (intramyocellular fat), a depot that is detected by MR spectroscopy rather than MRI. The characteristic volumes together with immunometabolic properties have not been studied in MHO and MUL individuals. All these fat depots may be useful markers to evaluate patients who are candidates for RYGB treatment, as well as for their responses and adverse events. Our studies and results from others provide sufficient but not conclusive data to support the hypothesis that MHO individuals have significantly less pericardial fat proportional to BMI than obese patients with metabolic syndrome, whereas MUL individuals have more pericardial fat proportional to BMI than lean, healthy individuals. The volume of pericardial fat as assessed by noninvasive imaging, the ratio of BMI to pericardial fat or the metabolic activity of pericardial fat may prove useful as noninvasive measurements that combine well with blood cytokine and adipokine concentrations, to stratify risk for obesityassociated cancers.
Our overall conclusion is that not all obesity carries the same cardiometabolic risk and that BMI is an insufficient clinical parameter to make well informed medical decisions for optimum treatment in obesity. Markers such as pericardial fat, which is the most easily imaged heart fat depot, has a known association with cardiovascular risk and may be a direct causative agent, must be explored more extensively. MRI, which can be safely repeated in the same patient over time, could provide a clinical exam to stratify patients for their subsequent therapies. from the Boston Area Diabetes Endocrinology Research Center (BADERC; P30 DK057521). G.V.D. is ChairElect of the Obesity and Cancer Section of The Obesity Society.
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